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Shelnutt, John A. importance in governing the redox properties." As another depend on whether the other hemes have 0 2 bound as an axial ligand or not. Heme affinity differences in hemoglobin have been ascribed to subtle structural changes in axial 
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Characterization of Nonplamr erne Confomfioizs in Pro'ofeim. NoqPanar proteins, although the largest distortions are seen in the c-type cytochromes and the peroxidases. Figure  1 shows the conformations of typical hemes in X-ray crystal structures of human hemoglobh and yeast mitochondrial cytochrome c. ' In the h e a r displays of the heme shown in Figure I , the z-displacements 
!ly OJ
complex structures. Furthermore, a simple bar graph of the displacements clearly shows the sinmilarities md differences in h e structures of the hemes. Figure 2 shows the NSD results for X-ray structures of a variety of types of proteins. The lengths of the bars represent the displacements along the lowest-fkequency normal coordinates of each out-of-plane symmetry type that are required to give the best fit to the X-ray structure. Pure I-A displacements along each of these n~r m l coordinates (normal deformations) are illustrated in Protein FoZding. The protein-folding problem is to calculate the tertiary structure of a protein given its own how the protein conformation relates to function for many proteins. Given a functional role for in folding controls the heme distortion and its consequent reactivity. Molecular mechanics calculations and of the heme conformation in proteins and in short heme-bound protein segments will reveal how the protein sonance Raman spectroscopy will be used to provide experimental validation of the results.
We start with a brief description of the normal structural decomposition method and its application to oprotein X-ray crystal structures. The NSD results for the C-type cytochromes will be shown to suggest a table structural mechanism for the origin of the nonplanar distortion of the heme that is prevalent for most of cytochromes c. As an illustrative example of the types of studies to be carried out, we will present liminary data on nickel-reconstituted cytochrome c and its digestion product, nickel microperoxidase-1 f -1 1). The rationale for selecting this initial study will be given to illustrate how we expect other structural sen to validate the proposed mechanisms.
Normal Structural Decomposition of the Out-of-Plane Distortions of Hemes of Proteins. The NSD method simple in concept.8 It relies on the fact that the distortions of the 24 macrocycle atoms from ideal squareving the x, y, and z displacements of each atom in the porphyrin skeleton. The advantage of a description in rms of the normal coordinates is that the distortional energy of the macrocycle takes its simplest form in the est-frequency normal coordinates because the restoring forces are smallest for displacements along these ordinates. In other words, the largest distortions are usually observed for the lowest-frequency normal ordinates because they are the softest modes of distortion.
A mathematical procedure has been d e~c r i b e d~'~~ which projects out the distortions from an ideal geometry
The coordinate hosen to be a planar copper(1I) porphine macrocycle) along the normal coordinates. e field. right in Figure 5 .12,27
In general, an exact representation of the observed conformation usually requires that the deformations along additional normal coordinates be added into the simulated structure. However, an essentially exact representation of the structure always requires far fewer than the total number of out-of-plane normal coordinates (N-3 = 21). On the other hand, when applied to protein crystal structures, the poorer resolution (compared to porphyrin crystals) usually precludes the determination of displacements for more than the lowest-frequency normal coordinates. That is, the high-frequency normal coordinate displacements are smaller than the statistical positional errors in the X-ray refinements. The dotted lines in Figure   1 show the simulated structures, based on just the lowest-frequency normal coordinates, for some hemes in protein X-ray structures. The deviations between the simulated and observed structures are addressed fully in a manuscript on NSD that is in press.' Structural Hypothesis for the Origin of the Nonplanar Distortion ofthe Heme of Cytochromes c. Examination of Figure 1 shows that the most out-of-plane atom of the heme for yeast cytochrome e is the meso-carbon between pyrroles 1 and 11-This is a general feature of Figrtre 6. Hydrogen-bonding nemork jn lfte the nonplanar conformations of the hemes of C-type cytochromes, and pepride segment (CAQCH) of the horse has led to the suggestion that the covalent attachments to the protein cytockrome C, inclllding the cysteinesI the W O at the 2-and 4-positions of pyrroles I and I1 cause the distortion from resid!res bemeen c~steines~ and lfie proximal histidine ligand of the iron atom.
planarity.6'20a Specifically, the short protein segment between the PHS398 (Rev. 5/95) cysteine residues could contract the distance between the thioether linkages to the heme, causing the porphyrin to buckle. In particular, we propose that the hydrogen-bonding network in this segment, illustrated in Figure 6 , may act to contract this protein segment, giving rise to the nonplanar distortion.
Hildb.
I Mivax. Norway strains of D. sulfuricans. Also, notice that the predominant deformation becomes ruffling when only two residues intervene as for heme 1 of cytochromes q and the heme of the mitochondrial cytochromes c. Thus, these NSD results directly implicate the peptide segment between the cysteines in controlling the heme distortion.
' The cytochromes c' provide another indication of the importance of the peptide segment that includes the cysteines and the proximal histidine, and further point to the importance of the hydrogen-bonding network in this peptide segment. Examination of the crystal structures of the cytochromes c' show that the conformation of this segment differs fiom that in the mitochondrial cytochromes c, resulting in only one hydrogen bond for the cytochromes c'. This difference in hydrogen bonding could account for the predominance of saddling in the cytochromes c' as opposed to ruffling for the cytochromes c (Figure 4 ). In summary, it is clear fkom the NSD results for the C-type cytochromes that the peptide segment between the covalent cysteine linkages to the protein may be responsible for the distortion of the heme. Further, hydrogen bonding within the backbone of this segment may also be important in causing the distortion. We now give preliminary results obtained fiom experiments and calculations designed to test this structural hypothesis.
Other support for this structural hypothesis comes from the NSD results for other cytochromes. The NSD results for the four-heme cytochromes c3, given in Figure 7 , are particularly c~nvincing.~"~ Hemes 2 and 4 typically have four intervening residues between the cysteines, whereas hemes 1 and 3 have two intervening residues as in the mitochondrial cytochromes c. Figure 7 shows that the heme conformations for these proteins are generally well conserved for different strains even though very little of the peptide is conserved. In fact, less than 10 residues (out of well over 100) other than the cysteines and histidines bound directly to the hemes are conserved for the strains listed. The maintenance of the structure of the heme with so little sequence homology between the strains suggests that only a small portion of the protein is required to generate the major part of the distortion.
A striking difference in conformation is noted (Figure 7 ) for the Norway strain for heme 4 compared to hemes 4 of the other strains; this conformational difference most likely results from the deletion of two of the four residues between the cysteines for the UV-visible Absorption Experiments on Nickel-Reconstit~iteded Cytuchronze c and Nickel Micruperuxidnse-11. The nickel derivatives were chosen for two reasons: first, a great deal of information on model nonplanar nickel porphyrins is available to aid in interpreting the spectral results reliably, I~,d,3,7-11,13-16,2 1-29 and, second, the presence of nickel instead of iron insures that the proximal histidine will not be coordinated to the metal in the low and
Page -, . B-(vide infra). Both of these consequences of 3.5 to 7.0. By comparison with spectra of model Ni porphyrins, the major changes in the spectrum can be ascribed to loss of the histidine ligand at low pH (pKa 3.9, although more subtle changes in the spectrum are also evident. At present, we cannot say with certainty whether the methionine ligand is bound near neutral pH or lot; however, the blue shift of the Soret-band maximum relative to six-coordinate models suggests that the methionine may not be bound. Further work will address this question.
At least two additional forms are evident in the spectra in the pH region from 0.5 to 3.0 in the top panel of Figure 8 based on the lack of isosbestic points. These forms are four coordinate and probably differ in the ;onformation of the Ni porphyrin. ckel replacement help to simplrfy the interpretation of the spectroscopic results. Additional advantages of ckel reconstitution will become clear in the discussion that follows.
I Nickel Microperoxidase-1 1. In a Raman study of iron(II1) MP-8 by Desbois and coworkers,2* they showed [at the nonplanar conformers observed in the X-ray structures of Cyt-c are probably also present in MP-8 in peous micellar solution, and that the nonplanar conformation is essentially due to the three-point attachments :tween the heme and protein, Le., the two thioether bridges and the Fe-His bond. Indeed, replacement of the 'oximal His with an exogenous His ligand results in a less distorted heme, based on the shifts in the frequencies -two distortion-sensitive Raman lines, v8 and vlo. The use of these lines as markers for porphyrin nonplanarity 1s based on the known behavior of these lines upon ruffling of nickel porphyrins, which is due primarily to the ork of our group.
The detailed pH dependence of the distortion was not addressed in this work. Even if the protein does show a less distorted porphyrin at very low pH consistent with our hypothesis, we cannot conclude that a particular peptide segment actually causes the heme distortion based on the NiCyt-c results alone. The problem is that we cannot say what part of the protein is important; we only know that the weakening of the secondary structure may be important. For this purpose, a study of Ni microperoxidase-1 1 was initiated. MP-11 has an attached eleven amino-acid segment that includes the 5-residue CAQCH segment of interest. The pH-dependent absorption and resonance Raman spectra of NMP-11 in the presence and absence of detergent were obtained. The presence of cetyltrimethylammonium bromide (CTAB) above the CMC was used to prevent aggregation of NiMP-11.
NiMP-11 has the additional advantage of being mostly four-coordinate at all pH's, making interpretation of the data in terms of macrocyclic distortions uncomplicated by axial coordination changes.
Resonance Raman Spectra of Nickel Cytochrome c and Nickel Microperoxidcrse-1 I . Nickel Cytochrome c. Figure 10 shows the resonance Raman spectra of NiProtoP in aqueous CTAB solution and the spectra of NiCyt-c at pH 1 and 3 complicated by spectral crowding as is the rest of the spectral region shown in Figure 10 . Anticipating the presence of multiple forms and noticing the broadness of vl0, we have resolved vlo into two sublines as shown (solid lines). The high-frequency subline in each case is associated with the planar form based on its frequency :1660 cm"); the low-frequency sublines are associated with nonplanar forms. (These assignments are based on single-crystal Raman spectra for which the macrocycle has a known conformation.) Even ignoring the possibility of resonance excitation effects which favor the nonplanar form, the planar form clearly dominates for the NiProtoP model compound. Similar ratios of nonplanar-to-planar intensities are observed for other nickeland Ni tetraphenylporphyrin (NiTPP).27 We porphyrin models, including Ni octaethylporphyrin (NiOEP) have also shown that Ni mesoporphyrin (NiMesoP) shows a similar ratio of nonplanar-to-planar intensities, so the presence of the vinyl groups of NiProtoP does not affect the ratio to a significant extent. 3, 7, 22, 24, 25 Most interesting is that the relative intensity of the nonplanar subline is much greater for NiCyt-c at both pH values than for the NiProtoP model. The ratio of intensities (nonplanar/planar) is 0.6 for NiProtoP, 2.1 for NiCyt-c at pH 1, and 3.8 at pH 3. Thus, it appears that the macrocycle is becoming more distorted as the secondary structure, including the H-bonding in the peptide backbone, becomes more established around pH 3. Also, the nonplanar conformers of NiCyt-c are considerably more nonplanar than for the model compound, based on the lower frequencies of the sublines for NiCyt-c (1647 cm" at pH 1, 1646 cm-' at pH 3) compared to NiProtoP (1653 cm I). Further, the degree of distortion of the macrocycle becomes somewhat greater at the higher pH, as expected when the &bonding network is established within the secondary structure of the protein. Thus, the Raman data for NiCyt-c are consistent with the hypothesis that H-bonding in the heme-linked pentapeptide is responsible for the macrocyclic distortion, but does not rule another part of the protein as its origin.
Nickel Microperoxidase-1 1. The resonance Raman data for NiMP-1 1 shows more conclusively that the specified pentapeptide is involved since little of the protein besides this pentapeptide remains. Figure 11 shows the Raman spectra of NiMP-11 under various solution conditions. In CTAB, where aggregation of MP-11 is not a problem, the Raman spectrum of NiMP-11 at pH 13 is very similar to that of NiCyt-c. Decomposition of vlo into two sublines gives an intensity ratio of 2.9 and frequencies similar to those of NiCyt-c for both the planar and the nonplanar conformers. The frequency of the nonplanar form is slightly higher than that for NiCyt-c at pH 1 and 3. Thus at pH 13 in CTAB, the presence of the peptide segment shifts the equilibrium heavily in favor of the nonplanar form, just as does the entire protein component in the case of NiCyt-c. Our
preliminary Raman results show that the ruffling of NiMP-11 increases with pH up to 13 in CTAB solutions. In aqueous solutions Figztre IZof NiMP-11, the relative intensities of the planar and ruffled sublines uhsence of CTAB showing tl,e cllrve hardly changes at all in the pH range from 1 to 13. We believe the annz?,sjs. hydrophobic environment required for a strong H-bond network to form and exert its force on the macrocycle is not established in CTAB until the heme-peptide becomes suffciently negatively charged somewhere above pH 10. Further, experiments are required to determine the exact pH at which the ruffling of NiMP-11 occurs and the specific cause of the nonplanar distortion. Panel A of Figure 12 shows the energy-optimized structure of Fe(II1) protoporphyrin IX (FeProtoP) , which is almost planar (average pyrrole ruffling dihedral angle is less than lo). Panel B shows the effect of thioether modifications of the vinyl substituents of FeProtoP. The ruffling is probably exaggerated because the calculation done in vacuum, possibly favoring agglomeration of the bulky substituents more than would occur in solution. Panel C shows the effect on the ruffling of the CAQCH pentapeptide unit, but without the His-Fe bond being present. And, finally, Panel D shows the effect of the pentapeptide unit when all three attachments to the protein are intact. In the latter case, the angle is 14", the same as the average ruffling angle for all of the available X-ray structures of the mitochondrial cytochromes c. Addition of more amino acids to either end of the pentapeptide unit has little further influence on the heme structure.
The three-point connection of the pentapeptide is sufficient, in fact, to explain most of the normal deformations making up the observed distortion of the heme of the cytochromes c. Specifically, the ruf and xand y-wav contributions are qualitatively predicted by the calculated Porphyrin Structural Characterization Methods. The above discussion of our preliminary results aimed at elucidating the structural mechanism of heme distortion in the mitochondrial cytochromes c illustrates the methods that will be used in the proposed studies of the cytochromes and other hemoproteins. The combination of theoretical and experimental techniques, including molecular mechanics calculations, normal structural decompositions, and spectroscopic methods is a crucial viewpoint for approaching this problem. The recent development of the NSD method gives us a particularly important new tool for successful completion of our research goals. The molecular modeling methods and the NSD methods will be described more fully in the Research Design and Method section.
Another advantage is our extensive experience with model nonplanar porphyrins and our contribution to the We later showed this to be a general property of p-pyrrole substituted Ni porphyrins, including E -biological porphyrins like pr~toporphyrin.~ We also showed that these conformers. Specifically, the formation of n-n complexes or dimers, and binding to the active site of hemoglobin and its a- 
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As the prevalence of nonplanar porphyrin conformers and their possible importance in biological systems became evident, our studies became more diverse including a wider range of nonplanar porphyrin models and other spectroscopic probes, primarily NMR and X-ray crystallography. 15*26 These studies verified the structurefiequency relationships for a broader range of porphyrins and also served to refine and validate the predictions of our molecular mechanics force field (vide ilzfm). They also elucidated the important roIe of the substituents and their orientations in determining the nonplanar conformation, the effect of the nonplanar conformation on axial ligand orientation, the existence of nonplanar conformational isomers at higher energy than the ground-state conformer, ring current effects, and macrocycle inversion processes. In some cases a number of stable These thermally accessible conformers (local minima) are thermally occupied at room temperature. conformers may play a role in some biological processes.
14,15c,g
Other investigations of nonplanar porphyrins looked at the effect of the centra1 metal on nonplanar structure
These studies also served to develop suitable force-field parameters using resonance Raman spectroscopy. for Co, Cu, Zn, Pd, and Fe for the molecular mechanics calculations. The results show that large metals reduce the magnitude of the distortion for highly sterically crowded porphyrins. The metal size was also found to reduce the slope of the well-known core-size correlations for the structure-sensitive Raman lines. For porphyrins that coexist in both planar and nonplanar conformers, increasing the metal size shifts the equilibrium in favor of 7,11, 13 Shelnutt, John A, the planar form.13 The latter work also provides an estimate of the steric repulsion energy necessary to cause the distortion. The study also showed that Fe porphyrins should exhibit only the planar conformer for biological porphyrins like FeProtoP in the absence of a perturbing protein environment.
A series of nickel meso-tetraalkylsubstituted porphyrins with alkyl groups of varying steric size exhibit nearly pure ntf deformations.' The magnitude of the distortion increases with the bulkiness of the substituent, so the variation of the Raman-line frequencies and absorption-band positions were determined and correlated with molecular mechanics structural parameters and transition energies calculated using INDOIS semiempirical methods. A study of 5,15-dialkyl substituted porphyrins investigated the consequences of the addition of a dum deformation to the ncf deformation.'6 Differing dependencies of the Raman kequencies on the magnitude of the distortion were found when the dom and atfdeformations are both present in the structures. This work also represents the first use of the NSD method for analyzing porphyrin structures, and in this case both calculated and X-ray structures were Different types of deformations were examined in recent available for comparison.
Because almost all Ni porphyrins show ruffled conformers, we became interested in whether Ni porphine (Nip) with only hydrogen substituents would also be nonplanar.21 That is, whether at least some steric interaction of the peripheral substituents is necessary to observe nonplanar conformers. An X-ray crystal structure of Nip was obtained. Together with the Raman spectra taken both in solution and in the crystal, the data show that Nip exists in solution on~y as the planar species.21
Structure-Reactivity Relationships in Model Porphyrins. Functional properties of tetrapyrroles that are affected by nonplanar distortion include absorption-band energies and extinction coefficients (e.g., Figures 8 and 14) and other photophysical properties like excited state lifetimes.33 Studies by our group and others have shown that nonplanar distortions influence the oxidation potential of the porphyrin ring.34*35
Macrocycle distortion may also influence metal oxidation and reduction potentials.
Ligand binding chemistry is another property that is influenced dramatically by nonplanarity of the porphyrin macrocycle. Figure   14 shows the absorption spectra of a series Ni derivatives of mesotetraalkylporphyrins (the alkyl groups are Et = ethyl, Pr = propyl, 
Wavelength
Pe = pentyl, Me = methyl, iPr = isopropyl, cH = cyclohexyl, and Figure 14 . Absorption spectra of a series of mesotBu = tert-butyl.) in neat piperidine soktion. In this coordinating telra-nlkyE-substitted ~olphyn'ns with progressively more bulky alkyl groitps (top to bo ftom).
solvent, planar NiTPP (Ph = phenyl) is almost fully six-coordinate. The alkyl porphyrins, in contrast, are only partially six coordinate.
~
The four-coordinate Soret-band peak positions are indicated by the blue line and the six-coordinate peaks are indicated in red. The red shift in the Soret band of the four-coordinate species resulting from increasing nonplanar distortion is evident. The six-coordinate Soret bands are at almost identical wavelengths because the large high spin Ni ion causes the macrocycle to be nearly planar for the porphyrins for which a six-coordinate species is observed. The amount of the six-coordinate species, obtained fi-om the relative areas of the two Soret bands, decreases as the substituents become larger, with no six-coordinate form at all observed for the secondary , PHS398 (Rev. 5/95) _ _~ nd tertiary alkyl substituents. The equilibrium constants in pyrrolidine, K1K2, are 25 for NiTPP, 0.50 for liTPrP, 0.34 for NiTPeP, and 0.18 for NiTMeP. The observed decreasing axial ligand affinity with increasing onplanarity cannot be explained by electron-donation effects of the substituents since the alkyl substituents iffer only marginally in this respect. The preliminary evidence indicates that the equilibrium constant K1 for ddition of the first ligand is much larger than K2 for addition of the second ligand when the porphyrin is onplanar. This probably occurs because energy is required to make the nonplanar macrocycle go planar in order accommodate the larger high-spin nickel atom, thus lowering the binding energy for the first ligand. Since the oin-state-change and the core-expansion energies are expended on addition of the first ligand, the second axial gand binds much more easily. Further studies are underway to defrne the relationship between axial ligand :activity and nonplanar distortion.
Normal Stnrctural Decomposition of Heme Protein Crystal Structures.
Our first task will be to structurally decompose the greater than 500 hemes contained in all 325 hemoprotein crystal structures in the Brookhaven protein data bank (PDB). The NSD results will be published as parts of papers on various aspects of the structural motifs discovered and also made available to other researchers on the Internet. Several possible structural motifs have already been noticed for subsets of the proteins and these will be the initial targets of the complete NSD analysis of the PDB structures. Some examples of possible structural motifs of the heme that have been recognized so far are:
(1) It has been suggested that oxidation state and spin state of the iron influence the metal size and thus the tendency of the porphyrin to undergo certain distortions.
For the cytochromes c, this tendency, if present, is probably not statistically significant in the presently available NSD data. We will consider this hypothesis using NSD in all of the hemoproteins, classified according to oxidation and spin states of the iron, to see if this proposal is born out in the complete body of crystallographic data.
20a.36
(2) Axial coordination of exogenous ligands influences the electronic properties of the iron, its location relative to the macrocycle, and may also influence biological activity. On the other hand, our preliminary analysis of current NSD results suggests that axial ligation may have less effect on the structure of the macrocycle than one might expect. We intend to determine the influence of axial ligation on the macrocyclic structure by using NSD to examine all proteins for which structures are known for both the unbound protein and the protein with bound exogenous ligands. This will also reveal the effect of different ligands on the distortion of the porphyrin macrocycle.
(3) Experimental and theoretical studies have suggested that orientations of the endogenous axial ligands
We will determine influence the out-of-plane distortion of the macrocycle, and that the converse is also true. how axial ligand orientation correlates with heme structure in the hemoproteins. Preliminary indications are that ligand orientation may influence the macrocyclic structure in the proteins but that it is not the determining factor. In addition, the macrocycle distortion can have a strong influence on ligand orientation. However, many examples can be found in the protein crystal data that suggest that out-of-plane distortion alone does not control the ligand orientation. Addressing these questions in the complete body of X-ray crystal data by NSD analysis will lead to a greatly increased understanding of the role of axial ligation in determining macrocycle structure, and vice versa.
15e,37
Of course, we will identify all protein types for which the heme conformation is conserved. In the course of PHS398 (Rev. 5/95) Page 15
. Research Design and Methods structures in proteins of the same type, whereas closer examination of the differences between structures in ed proteins may reveal the influence of the amino acid sequence on heme conformation. These NSD ses will be performed at UNM by the PI, postdocs and graduated students. eriphery) can be most easily channeled into the sad and mf deformations, less easily into the dom and wuv eformations, and almost never into the pro deformation. However, the actual deformations observed depend on not only on the energy but also on how effectively a particular normal deformation is in relieving the perturbing interaction. This is seen most clearly in the X-ray crystal structures of symmetric tetra-substituted porphyrins, for which a nearly pure out-of-plane displacement along only one of the lowest-frequency normal coordinates :mfl is commonly
Normal Structural Decomposition
Although it is easier to distort along the sad coordinate, the mfcoordinate more effectively relieves the peripheral steric strain and is the favored distortion mode.
Pure displacements along one of the lowest-frequency normal coordinates give the frequently observed ruffled, saddled, and domed distortions, illustrated in Figure 3 .* Significant distortions along the wav and pro coordinates are seen rarely because the energy required to induce a unit distortion along a particular normal coordinate goes up as the square of the frequency of the mode Kk. Thus, the distortion energy, in this case provided by the steric repulsion of the peripheral substituents, is apparently too small to induce pro distortion large enough to show up in the X-ray crystal structures. In particular, this explains why the pro deformation is almost never required in the sum of Eqn. (1). That is, this deformation usually requires too much energy to ontribute significantly to the observed macrocycle distortion because of the high frequency of this mode.
While the NSD method using this minimal basis of normal deformations is found to sufficiently characterize the heme distortions of the proteins, the simuluted structures significantly deviate from the observed structures for the high-resolution X-ray crystal data of synthetic metalloporphyrins.'2,*6 In this case, an essentially exact simulation is obtained for the out-of-plane distortion by using a basis set of deformations expanded to include the second lowest-frequency normal coordinate of each symmetry type (extended basis). The high resolution of Xray structures of the synthetic porphyrins apparently allow the small contributions from these higher frequency normal deformations to be detected. A discussion of the mathematical procedure for the complete (in-plane and out-of-plane) normal structural decomposition, a discussion of the limits for using the minimal basis set, and the application of NSD to the analysis of synthetic porphyrin crystal structures and protein-bound porphyrin structures is given Molecular Meclzanics Culczrlntions of Heme Strzictzue. Molecular mechanics calculations will be used to identify and quantify the interactions between the heme and the protein that give rise to the nonplanar distortions. A good example is the cytc)chromes c3 for which very different structures are observed for the four hemes (Figure 7) . Specifically, why are hemes 1 predominantly ruffled, while hemes 4 are saddled (except for the Norway strains)? This question can be addressed at several levels by molecular mechanics. The simplest calculation is to freeze the protein component in place at the X-ray structure positions and let the hemes relax in the protein environment. Does this give the observed contributions of the normal deformations to the heme structure or not? A more intensive calculation is to energy optimize the entire heme protein, and then compare the heme structures given by X-ray crystallography and the calcnlations. This is easily within the computational limits of our new RlOOOO SGT workstation. Again, does the calculated structure agree with the X-ray structure? Using such calculations coupled with NSD analysis, specific strong van-der-Waals, H-bond, and electrostatic interactions between the heme and protein can be located. Further calculations can be performed in which individual interactions are turned off to evaluate their influence on the structure of the heme.
Similarly, segments of the protein surrounding the heme can be removed systematically to determine their Principal Investiator/Prograrn Director (Lasf, firsf, middle):
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influence on the structure of the heme. For the cytochromes c, a specific pentapeptide segment is thought to be involved in causing the distortion, so the heme and this protein segment can be energy optimized to determine the predicted structure. The segment length can be varied and specific interactions can be turned on or off to determine their influence on heme structure. Specifically, interactions between the heme and protein and within the protein component itself, e+, H-bonding in the peptide backbone, H-bonding to the propionic acid substituents, axial coordination to the iron, can be systematically "turned of€" in the calculations to determine their individual contributions to the observed nonplanar distortion. As an example, Figure 12 shows the effect on the macrocycle of turning off the covalent attachments of the protein to the porphyrin periphery and to the iron atom of the heme-pentapeptide.
Finally, point mutations of the protein can be investigated by comparing the energy-optimized structures (starting from the X-ray structure) of the wild-type and mutant proteins. Of initial interest for the cytochromes c are the mutants of the residues X and Y in the pentapeptide Cys-X-Y-Cys-His. In fact, there is natural variation of the residue X; this residue is Ser for primates and birds, Leu or Gln for yeast, and Ala for other species including horse. There is no X-ray structure for the Cyt-c of the birds and primates, but the structures of yeast isozymes 1 (X=Leu) and 2 (X=Gln) are known as are the structures of tuna, horse and rice. Thus, in comparison with the other known X-ray structures (e.g., tuna, horse) which all have Ala for X, one would expect the largest difference for isozyme 2 (Ala to Gln), since the Ala to Leu (isol) modification is conservative. NSD results indeed show significant differences between isozyme 2 (shown in Figure 2 ) and the other species available (albacore, rice, horse; Figure 4 ). In particular, the negative sad deformation for these proteins becomes small and positive for isozyme 2 and the x-and y-wnv distortions become larger for iso2. The heme conformations in the mutants and natural variants can be calculated and structurally analyzed using NSD; the calculation results can then be compared to the NSD results obtained from crystal structures. In this way, various structural mechanisms giving rise to the observed heme distortions can be detected and evaluated. The calculated structures will also be a useful aid in interpreting the resonance Raman data for the mutant proteins.
Similarly, the distortions caused by varying the apoprotein can be analyzed in terms of the normal deformations produced. In addition, the sign and magnitudes of the normal deformations for the calculated structures can be compared to the normal deformations observed for the hemes in crystal structures. For example, Figure 13 shows the NSD results for the energy-optimized structure for FeMP-11 taken from tuna and horse proteins and for the X-ray structure of the corresponding cytochromes c. The agreement is reasonably good except for the sad contribution. Here, only small differences in the calculated structure are found because the sequence differences are not in the crucial pentapeptide unit. Our initial efforts will focus on molecular modeling of the C-type cytochromes and, specifically, the determination of the structural mechanism of the rz4 and sad deformations.
Mutations will be chosen to test the proposed structural mechanisms Structures of the mutant proteins calculated using molecular mechanics will be analyzed by NSD to determine whether the mutation influences the heme conformation in the expected way. The results of these calculations will be compared with resonance Raman data on the corresponding mutant proteins supplied by collaborators Hildebrandt and Mauk and the published X-ray structures of Prof. G. Brayer.
Subsequent investigations of this type will focus on the peroxidases, since these proteins exhibit the largest heme distortions in the absence of covalent attachments at the heme periphery. As for the cytochromes c, calculated structures of the mutants will be compared using NSD to determine which point mutations influence the heme conformation. The mutants will be especially important for the peroxidase studies, because the specific interactions causing the heme distortion are most Likely distributed and consequently will be difficult to locate.
The theoretical predictions will be validated by Raman studies of the corresponding mutants of cytochrome c peroxidase supplied by Prof. J. Satterlee. The molecular modeling calculations will be performed by the PI and other UNM personnel using facilities at UNWSandia. We now give a brief description of the molecular modeling methods to be employed. The molecular energy-optimization calculations will be performed using POLYGRAF software (Molecular Simulations) and a hybrid force field based on the DREIDING I1 force field parameter^.^' Specifically, the DREIDING I1 force field has been modified to include atom types specific to the porphyrin macrocy~le.~~ Force constants for the macrocycle atom types were obtained from normal coordinate analyses of nickel porphyrin^.^^ The equilibrium bond lengths and some bond angles were then varied so that the energy-optimized structure of Ni(I1) octaethylporphyrin (NiOEP) obtained using the extended DREIDING force field matched the planar crystal structures of NiOEP as closely as possible. DREIDING I1 parameters were used for all of the nonbonding interactions and for the internal force field of the peripheral substituents of the porphyrin. An improved force field will be used in this work. In this force field, (1) torsions for resonance atom types exocyclic to aromatic ring systems are reduced to 40 % of the value internal to the ring for consistency with DREIDING II?l (2) an exponential-6 van-der-Waals functional form is used for the hydrogen atoms,14 and (3) DREIDING I1 parameters are consistently used instead of a hybrid of DREIDING I and DREIDING I1 parameters.8 Also, a minor error in the counting of the nonbond interactions of the atoms bonded to the metal has been corrected in the POLYGRAF code. Finally, the solvent dielectric constant was set to that of CS2 (2.64). After these changes, the force field bond distances and angles of the macrocycle were re-optimized by least squares methods43 to match the planar NiOEP crystal structures. These are minor corrections, and the calculated porphyrin structures differ negligibly from those obtained with the force field used in our previous work. However, signifcantly improved conformational energies are obtained using this revised force field.
Molecular Mechanics Methods and the
and K~llman.~'
The most important change in the new force field is that the previously used out-of-plane force constants have been reduced by 50 %. 16 The 50 % value for reducing the out-of-plane force field was arrived at by requiring that an index set of nonplanar porphyrin structures be accurately predicted. We varied the uniform percent reduction of the out-of-plane force constants of Li et ul.42a in 5 % increments until all structures in the index set were predicted correctly. The index set included a group of several porphyrin crystal structures for which previous versions of the force field predicted either incorrect conformations or degrees of distortion. The set includes NiOEP (planar and r9f conformers), NiTPP (planar and nJ), Ni 5, Ni 5, , Ni 5,15-di-tert-butylporphyrin (gnh), fiee base dode~aphenylporphyrin-F2~ (wav), and Ni tetra-isopropylporphyrin (ruj). For example, for NiOEP and NiTPP, only the planar conformer was predicted with the previous version of the force field; now with the new force field both planar and ntf conformers are predicted, with relative energies that are consistent with the equilibrium mixture of the conformers observed in solution studies, I,] 6,22,24,27 Other than the success of the new force field in correctly predicting the structures in the index set, considerations that are more fundamental suggest that this change in the force field is reasonable. Direct incorporation of the out-of-plane force with the in-plane force constants42c to arrive at a molecular mechanics force field is known to be a faulty approach in this case. This is because the out-of-plane normal coordinate analysis4*" was performed independently of the in-plane normal coordinate analysis.42c Moreover, it is known that the in-plane force constants contribute to the out-of-plane force field because bonds are stretched for out-of-plane distortions. Thus, when the out-of-plane force constants, obtained independently of these in-plane contributions, are simply added to the in-plane force constants, then we expect the out-of-plane restoring forces will be over estimated. Consequently, previous extensive comparisons of calculated and experimental structures have shown a propensity for the previous version of the force field to underestimate the degree of nonplanarity. collaborations. These will be investigated by resonance Raman spectroscopy to determine the influence no acid residues between the cysteines for the cytochromes c. These proteins will be investigated by Mutant Proteins. We will collaborate with other research groups to obtain resonance Raman spectroscopic ata for relevant engineered mutants to test the structural mechanisms of heme distortion and to relate heme ctures to biological function. Resonance Raman spectroscopy of yeast isoenzyme cytochrome c mutants (as xperiments in tight collaboration with our group. Special attention will be paid to a detailed analysis of line 1 Shelnutt, John A.
I I
;hapes for the lines that are most sensitive to macrocycle structure. These Raman studies will be coupled with nolecular mechanics calculations for the mutants performed at UNM. NSD will be used to analyze the nolecular mechanics structures.
Prof. James Satterlee has agreed to collaborate on studies of the origin of the large, mainly saddling listortion observed in the peroxidases. His group will provide mutants of yeast cytochrome c peroxidase (see ittached letter) for resonance Raman spectroscopy to be performed in our lab at the Advanced Materials Amatory at UNM. Prof. Satterlee has developed a very high expression system for virtually any mutant. The ired purification steps have been reduced to just 2 days following lysis of the E. coli cells in which they are m whereas the previously published purification required 8 days. His group is currently cloning hrome c peroxidase into a pET29a system so that the purification can be further simplified into 1 step the histag method. We expect the Raman studies of the mutants to begin in the second year, but molecular eling of the mutants will precede the experimental work.
odified Proteins. We will collaborate with Prof. Jane Vanderkooi at the University of Pennsylvania on ies of modified proteins to test the structural origins of nonplanar heme conformations. Initially, digestion ucts of cytochromes c will be investigated including MP-8 and MP-11 and their metal-reconstituted rivatives. The H-65 protein is another possibility. The metal derivatives allow us to control axial ligation and determine the influence of the size of the metal on nonplanarity. NiMP-11 has already been prepared and W a r y resonance Raman and absorption spectra were obtained in the presence and absence of detergent and a wide range of pH values. The modified proteins will be prepared at the University of Pennsylvania; Raman UV-visible spectra will be obtained at UNWSandia. Low-spin Ni(I1) is small and therefore favors rmations like ruf and sad which contract the metal core and consequently shorten the metalgen(pyrro1e) bonds. Other metal derivatives, including the Cu, Co, and Zn, will also be prepared. These ed proteins and the native iron derivative will be investigated with resonance Raman spectroscopy, UVe absorption spectroscopy, and other experimental techniques as needed.
FeMP-11 does not show a splitting of the doubly-degenerate Q-absorption band at low temperature, but the ochromes c do.45 Assuming that this splitting arises from the breaking of the x-and y-symmetry of the rphyrin, the heme in cytochrome probably undergoes an additional distortion not evident in the calculated MPstructures, and further this additional distortion must break the four-fold symmetry. For example, either a mf or a pure sad deformation results in D2,, macrocyclic symmetry, retaining the x-and y-degeneracy. On ther hand, a mixture of the ncfand sad deformations gives Sq macrocyclic symmetry, which splits the Qx and ransitions. In this respect, it is interesting that the crystal structures of the cytochromes, which are antly nlf, also show a strong sad component that is not evident in the calculated FeMP-I 1 structures e 13). Low-temperature absorption and resonance Raman spectroscopy may together be able to sively determine the types of deformation and the mechanism of splitting of the Q band of cytochromes c.
Some other related
for the heme peptides will be addressed in our resonance Raman studies. For ple, what is the nature of the two distinct forms of CuCyt-c that are isolated after metal insertion? Also, t is the nature of the porphyrin derivative formed during the preparation of CuCyt-c using the HF prep? This rivative could provide a useful model that is intermediate between the full pentapeptide and model porphyrins h as mesoporphyrin.
Protein Folding. Solution conditions such as pH and ionic strength will be varied to vary the protein structure while using Raman spectroscopy to measure the effect of these factors on the conformation of the heme. In addition, the complex interaction of the heme-protein fragments with detergents will be investigated, protoporphyrin mesoporphyrin mesoporphyrin tetra-meso-cyclomethylsulfide propyl derivative
We will also attempt to introduce large substituent groups at the vinyl positions to see if there are steric effects on planarity. A dimethylsulfide derivative or a cysteine derivative formed by reducing the vinyl groups would be useful. Again, special attention will be paid to the Raman lines that are sensitive to macrocyclic structure. The interpretation of the spectroscopic results will be supported by molecular mechanics calculations combined with NSD analysis of the resulting structures.
Model synthetic porphyrins which constrain the macrocyclic distortion to a pure deformation along only one normal coordinate are remarkably hard to realize, with the exception of the nlf deformation. This conclusion is not obvious, but comes from our preliminary attempts to design symmetrically substituted porphyrins in a purely domed lowest-energy conformation. Nonetheless, model porphyrins that conform to each of the normal deformations shown in Figure 3 are needed to help develop spectroscopic markers for the different types of distortion. Strained, capped porphyrins would seem to be an obvious way to generate a purely domed porphyrin, but molecular mechanics calculations show that contributions from other normal deformations are present because of the symmetry properties of the porphyrin substituent groups. At present, the meso-tetracyclopropylporphyrin derivative seems to be the best hope for a porphyrin possessing an almost purely domed lowest-energy conformation. Even in this case, the domed conformer must be stabilized by H-bonding of the R = OH groups to perfluorocyclobutane in a 1:l complex. Further efforts will be made to design, synthesize, and structurally characterize porphyrins whose lowest-energy conformations are specific, pure normal deformations. Modeling and resonance Raman spectroscopy of the resultant models will be done by our group at UNM. Structure-Function Relationships. We will first complete our investigation of the effects of nonplanar distortions on the axial ligand affinity of nickel porphyrins. At present, this work is restricted to the effect of ruffling on affinity because of our use of the meso-tetraalkylporphyrins (see Preliminary Results section). An interesting follow-on to this work will be an investigation of the 5,15--dialkylporphyrins. The lowest-energy conformation of the dialkylporphyrins is composed of a mixture of the rzf and doin deformations. ill further elucidate the relationship between protein folding and heme conformation. The protein folding ;tudies will be done for both the native and modified proteins, including the heme-peptide fragments like MP-1 1. i t a minimum, these resonance Raman studies w i l l uniquely probe the changes occurring at the active site as the )rotein unfolds and refolds by monitoring the conformation of the prosthetic group. ModeE Porphyrin Studies. Model porphyrins will be synthesized by Dr. Michiko Miura at Brookhaven 'Jational Laboratory, and Dr. Craig Medforth at the University of California at Davis, through an ongoing :ollaboration with Prof. Kevin Smith. The model porphyrins will be chosen for the purposes of determining listortion mechanisms, finding spectral markers of deformation type, and evaluating structure-reactivity .elationships. Of course, the simplest model for the heme in the cytochromes c is Fe mesoporphyrin. Preliminary Ltudies by our group indicate that the structural heterogeneity of Ni mesoporphyrin is similar to that of NiProtoP. rhis will be determined conclusively and will quantify the effect of reduction of the vinyl groups of the heme on ts nonplanar distortion in solution. Binamg or ~o c n (3 ana 7c axial lrganas will also be meclzanicscazculationsandN~~anazyses.
vestigated.
One area in which a connection between hemoprotein function and heme structure might be made is in explaining the relative affinities of CO and O2 in hemoglobin and myoglobin. Encumbered heme model compounds have been synthesized to force the Fe-CO unit to adopt a bent geometry reported for myoglobin, and to examine the consequences of this geometry upon rea~tivity?~' This bent binding geometry has been invoked in order to explain the altered relative affinities of CO and 0 2 in the hemoproteins. That is, by forcing a bent geometry on the CO ligand, its affiiity is reduced with respect to the unencumbered heme, whereas the affinity of 02, which prefers the bent geometry, is unaltered. Surprisingly, the crystal structures of some models indicate that the mechanism may also involve a ruffling distortion of the porphyrin ring instead of the expected bending of the Fe-C-0 unit.22 Combined structural and ligand-binding studies for a series of porphyrins in know deformations of differing magnitude wiU help to define the effects of macrocyclic structure on O2 and CO binding. Far the capped porphyrin model compounds, the heme distortion may merely relieve steric interaction with the ligand, but there may also be a direct effect of heme conformation on ligand affinity. Molecular modeling will also be employed to address this problem.
Another interesting possibility is that of conformational 
